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Abstract In headwater peatlands, saturation-excess overland ﬂow is a dominant source of river dis-
charge. Human modiﬁcations to headwater peatlands result in vegetation cover change but there is a lack
of understanding about how the spatial distribution of such change impacts ﬂood peaks. A fully distributed
version of TOPMODEL with an overland ﬂow velocity module was used to simulate ﬂood response for three
upland peat basins. Bare peat strips adjacent to channels resulted in a higher and faster ﬂow peak; for a
20 mm h21 rainfall event, with bare riparian zones covering 10% of the basin area, peaks were increased,
compared to the current hydrograph, by 12.8%, 1.8%, and 19.6% in the three basins. High density Sphag-
num ground cover over the same riparian zones reduced ﬂow peaks (e.g., by 10.1%, 1.8%, and 13.4% for the
20 mm h21 event) compared to the current hydrograph. With similar total areas of land-cover change, the
size of randomly located patches of changed cover had no effect on peak ﬂow for patch sizes up to
40,000 m2. However, cover changes on gentle slope areas generally resulted in a larger change in peak ﬂow
when compared with the same changes on steeper slopes. Considering all results for the same proportion
of catchment area that undergoes change, land-cover change along narrow riparian buffer strips had the
highest impact on river ﬂow. Thus, the protection and revegetation of damaged riparian areas in upland
peat catchments may be highly beneﬁcial for ﬂood management.
1. Introduction
Vegetation cover in many environments has been heavily modiﬁed by humans. Consequent impacts on ﬂood
hydrographs are important for land managers [Wheater and Evans, 2009]. In many basins, overland ﬂow is a
common pathway for water [e.g., Bonell and Gilmour, 1978; Kadlec, 1990] including those covered by blanket
peatlands [Holden and Burt, 2003a, 2003b]. In the UK, many major rivers have their headwaters located in
blanket peat where saturation-excess overland ﬂow dominates during storm events [Holden and Burt, 2002,
2003c]. Therefore changes to surface vegetation roughness could be very important in driving river ﬂow
response to rainfall. Land management practices (e.g., prescribed rotational burning and grazing) may change
vegetation distributions on peatlands [Holden et al., 2007] but how this impacts ﬂood risk is not known. Atmos-
pheric pollution, combined with land management has resulted in large areas of bare peat in the UK uplands
[Evans and Warburton, 2007] and it is known that overland ﬂow can move 10 times more quickly across bare
peat surfaces than those covered by a dense understory of Sphagnum [Holden et al., 2008]. Peatland restoration
practitioners are actively seeking to revegetate bare peat [Parry et al., 2014], although resource restrictions
mean that prioritization of areas for treatment is needed. Determining locations within the basin where great-
est ﬂood peak beneﬁts would be realized by revegetation of bare peat, would support targeted action.
The impacts of changing peatland vegetation cover on downstream ﬂood risk are poorly understood but
may be important [Acreman and Holden, 2013]. Grayson et al. [2010] showed for a 40 year hydrograph
record (11.4 km2 basin) that during times when the proportion of the basin with bare peat was greater (e.g.,
9% bare) there were higher peaks per unit rainfall and narrower hydrograph shapes than in periods when
vegetation cover was more widespread. Recent modeling studies have also hinted at the idea that the sur-
face vegetation cover is likely to be of great importance (more so than the presence or absence of ditches
for example) in the timing of ﬂood peaks from upland peatlands [Ballard et al., 2011; Lane and Milledge,
2013]. However, there is limited understanding of how sensitive the ﬂood peak might be to different spatial
conﬁgurations of vegetation cover change.
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Riparian buffer zones have been commonly applied in agricultural zones to trap sediment and nutrients
before they enter watercourses [e.g., Burt et al., 1999; Cirmo and McDonnell, 1997; Gregory et al., 1991; McGlynn
and Seibert, 2003]. Runoff from riparian zones is often dominant between storm events, throughout small run-
off events and in the early stage of large events as shown by tracer experiments [McGlynn and McDonnell,
2003]. For peatland basins, in which saturation-excess overland ﬂow dominates storm ﬂow [Holden and Burt,
2003c], the hilltoe and near-stream zone could be a signiﬁcant contributing area of overland ﬂow in a storm
event, with ﬂows from upslope being concentrated in this zone. Degradation of this zone by vegetation loss
may therefore have a larger inﬂuence on ﬂood peaks than similar modiﬁcations in other parts of the basin.
However, there have been no studies on how hilltoe vegetation loss in peatlands may affect ﬂood peaks.
In the wider (nonpeat) literature on potential spatial sensitivity of the ﬂood peak, there is a suggestion that
hilltop or drainage divide roughness (and hence vegetation change) may have a greater inﬂuence on ﬂood
peaks than near stream or hillltoe roughness. Huang and Lee [2009] conducted an overland ﬂow modeling
study with a rectangular plane (1% slope) and found that a scenario with decreasing surface roughness in a
downstream direction resulted in a slightly earlier, but much lower, ﬂow peak compared to a scenario with
downslope-increasing surface roughness (the two scenarios maintained the same average surface rough-
ness of the planes). Maske and Jain [2014] formed similar conclusions for a range of surface slopes (1%–3%).
If the rectangular surfaces in these two studies are imagined to be a hillslope, this ﬁnding seems to imply
that high surface roughness on upslope areas may have a larger impact than that on hilltoe and near-
stream areas in terms of ﬂow peak reductions. However, it may be that the advantage of high roughness on
upslope areas is offset by the higher frequency of overland ﬂow in riparian zones and the hypothesis
requires further testing to determine which is more important for ﬂood attenuation.
Bare peat in headwater systems often occurs in patches of different sizes ranging from a few square meters
to tens of thousands of square meters. Some vegetation is periodically burnt for game-bird management
[Holden et al., 2012] in patches which are recommended to be no more than 0.5 ha [Defra, 2007]. This rec-
ommendation is designed to reduce soil erosion risk but the impacts of bare peat patch size on river ﬂow
are not well understood. For example, large bare patches may provide stronger connectivity across the
landscape than a series of small bare patches with an identical total area across that same part of the land-
scape. In terms of overland ﬂow velocity and volumes and the consequent ﬂood peak such differences in
connectivity could be very important but remain untested.
In peat catchments, saturation-excess overland ﬂow may be more common on gentle gradients than on
steeper slopes [Holden and Burt, 2003c]. However, overland ﬂow will move at faster velocities as slope
increases. At the catchment scale, different spatial patterns of topography and land cover may affect the
synchroneity of overland ﬂow concentration on hillslopes [Holden, 2005], and there could be impacts on
ﬂow peaks that are quite different if the surface roughness changes on steep slopes compared to if the
same changes were made on more gentle gradient slopes in the catchment. However, it is not clear how
these differences impact downstream river ﬂow.
Spatially distributed modeling tools are required in order to test how different conﬁgurations of land cover
(e.g., position in the basin, size of land cover patch change, gradient) may impact the ﬂood peak and timing
in natural river basins. Gao et al. [2015] developed a spatially distributed version of TOPMODEL, with an
empirically based overland ﬂow velocity module, which was well suited for blanket peat catchments. The
model was speciﬁcally designed so that spatial options for land-cover change could be tested in systems
that are dominated by overland ﬂow during storm events. In this paper, we use Gao et al.’s [2015] model to
test several hypotheses about how different spatial conﬁgurations of land cover and surface roughness on
blanket peat headwaters inﬂuence the ﬂood peak. The hypotheses are:
1. A bare peat strip near to river channels results in a higher ﬂow peak and reduced delay to the peak; con-
versely, a buffer strip with higher density vegetation (e.g., Sphagnum) leads to a lower ﬂow peak and
postpones the peak. In both cases, buffer strips surrounding downstream channels will have a greater
effect than those further upstream.
2. Larger bare peat patches produce more and faster overland ﬂow locally, concentrate higher peak ﬂow
and bring earlier peak ﬂow times at the outlet of the basin; conversely, larger patches with higher density
vegetation (e.g., Sphagnum) generate less and slower overland ﬂow in situ, reduce peak ﬂow and delay
the peak time at the basin outlet.
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3. Bare peat on steep slope areas, where overland ﬂow predominantly moves faster, gives a faster response
and higher ﬂow peak value at the basin outlet compared to bare peat on gentle slope areas, while high
density vegetation or revegetation on a steep slope area has a larger positive impact on peak river ﬂow
delay and reduces the size of peak ﬂow compared to the same change on gentle slope areas.
2. Methodology
2.1. Study Sites
Three upland peat basins in the UK were selected: the Trout Beck basin in northern England, the Wye basin
in mid-Wales, and the East Dart basin in southwest England (Figure 1). The basins have a long series of
weather and hourly river ﬂow data which facilitate model testing. There were also suitable topographic
data (20 m 3 20 m) from the sites.
Trout Beck (548410 N, 28230 W) is a tributary of the River Tees located in the Moor House National Nature
Reserve and covers 11.4 km2 with an elevation between 533 and 842 m AOD (mean slope 9.1%). Most of
the Trout Beck basin (90%) is covered by blanket peat with a typical depth of 1–2 m [Evans et al., 1999].
The peat suffered widespread erosion in the 1950s–1970s but large areas have revegetated with Sphagnum
and Eriophorum since then [Grayson et al., 2010]. The vegetation cover of the basin is dominated by a Cal-
luna-Eriophorum association, while Eriophorum alone becomes dominant in areas above 630 m [Evans et al.,
1999]. The climate of the basin is classiﬁed as subarctic oceanic [Manley, 1942] and has a mean annual rain-
fall of 2012 mm (records from 1951 to 1980 and 1991 to 2006) [Holden and Rose, 2011].
The Wye basin (528280 N, 38460 W) is situated in the Cambrian Mountains of mid-Wales. It covers 10.6 km2
with an elevation ranging from 341to 735 m AOD with a mean slope of 20.0% [CEH, 2013]. Grassland domi-
nates the Wye basin, of which 43% is covered by blanket peat and valley mires overlying weather resistant
Silurian slates and shales [Marc and Robinson, 2007]. The basin has a wet climate with an annual precipita-
tion of 2599 mm (1972–2004) [Marc and Robinson, 2007].
The upland peat basin of the East Dart (528320 N, 38520 W) lies on the eastern part of the Dartmoor National
Park in southwest England, draining an area of 21.5 km2. The basin ranges in elevation from 309 m AOD at
the outlet to 601 m AOD at the top with a mean slope of 9.4%. The basin is mainly underlain by Dartmoor
Granite and 47% of the area is covered by peatland. There is low grade agriculture and woodland in the
downstream area (9% area of the basin). The basin is wet with a mean annual rainfall of 2088 mm (1961–
1990) [CEH, 2012].
2.2. Distributed TOPMODEL
TOPMODEL has been used worldwide as a standard model for hydrological analysis [e.g., Franks et al., 1998;
G€untner et al., 1999; Lamb et al., 1998; Peters et al., 2003]. It was a continuous lumped or semidistributed
deterministic hydrological model when developed by Beven and Kirkby [1979]. Recently, a new fully distrib-
uted version of the model has been produced and was tested and evaluated by Gao et al. [2015] for blanket
peat and found to perform well. The distributed model uses a computational unit of a grid cell. It retains the
rationale of the original TOPMODEL, keeping the key equations of runoff production [see Kirkby, 1997], but
downscales those equations from catchment scale to cell scale. A new module represents the movement of
overland ﬂow across and between cells. The overland ﬂow module uses the multiple-direction ﬂow theory
of Quinn et al. [1991] to direct overland ﬂow across the landscape while the Darcy-Weisbach equation is
employed to vary overland ﬂow velocities depending on slope, water depth and surface roughness. A sto-
chastic algorithm is involved to describe the routing of overland ﬂow in the module. A map of an overland
ﬂow velocity parameter (related to surface roughness) is used, based on the land cover map of the basin
being studied. This parameter was derived from an empirical study of overland ﬂows across different slope
angles, water depths, and through different vegetation types in a UK blanket peatland by Holden et al.
[2008]. They conducted 1024 ﬂow velocity experiments on 6 m long plots on blanket peat and found that
Darcy-Weisbach roughness and mean velocity can be based on a single parameter for each surface cover.
Thus when running the model for different spatial conﬁgurations of land cover in a basin, the velocity
parameter for the cells in the model are varied depending on what vegetation cover is simulated in those
cells. Table 1 summarizes the major modiﬁcations of the original TOPMODEL to produce the new distrib-
uted model.
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Figure 1. Locations and maps of the three peatland basins: (a) Trout Beck, (b) Wye, and (c) East Dart.
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The development of the distributed TOPMODEL has major advantages: (1) It can predict, during and after
storm events, the locations of overland ﬂow occurrence, the rates of overland ﬂow production, the path-
ways of overland ﬂow movement, and the locations where overland ﬂow inﬁltrates into soil or enters river
channels; (2) It represents the mechanism through which the velocity of overland ﬂow is modiﬁed, accord-
ing to the surface roughness presented by the vegetation cover, taking gradient and ﬂow depth into
account. These advantages mean that land-cover change in different parts of the basin can be evaluated
with regard to impacts on the ﬂow at the basin outlet.
2.3. Land Cover Scenarios
To model the impact of land-cover change on downstream ﬂow in upland peat basins, different types of
scenarios have been developed. Each hypothesis listed above can be tested in the context of both positive
and negative effects, for example by comparing ‘‘normal’’ surface cover with patches of both denser and
sparser vegetation. A series of land-cover change scenarios, representing different patterns of land-cover
distribution, were designed, based on the three hypotheses, and each was then modeled using the distrib-
uted TOPMODEL developed by Gao et al. [2015].
The baseline status of land cover in the study basins was simpliﬁed to a uniform Eriophorum-covered sce-
nario which is treated as a ‘‘normal’’ condition in the experimental scenario runs (since, in fact, Eriophorum
dominates the vegetation cover in the basins). This normal baseline scenario in each basin is applied as a
standard to enable fair comparison with the modeling results of other land-cover scenarios. For each
Table 1. Major Modiﬁcations of Distributed TOPMODEL Compared to the Original TOPMODEL
Original TOPMODEL Distributed TOPMODEL
Spatial structure Lumped or semidistributed Fully distributed
Runoff production equation scale Basin or subbasin scale Cell scale (e.g., 20 m 3 20 m)
Overland ﬂow Constant velocity for whole basin Associated with slope, surface roughness,
and water depth; Overland ﬂow routing
with a velocity parameter related to surface roughness.
Surface roughness N/A Surface roughness map
Figure 2. Scenarios of buffer strips with a 20% area in different positions on the hillslope in Trout Beck: (a) riparian buffer strip, (b) mid-
hillslope buffer strip, and (c) headwater buffer strip.
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scenario set, there were ﬁve cases: normal, bare peat over either 10 or 20% of the catchment and dense
Sphagnum over either 10 or 20% of the catchment. Land-cover change over 10%–20% of the basin was
evaluated rather than a larger proportion of the basins as larger areas of change might not realistically rep-
resent likely land-cover change. Each scenario was also repeated for all three study catchments.
A series of scenarios representing riparian buffer strips, mid hillslope, and headwater buffer strips (see Fig-
ure 2, for instance, the 20% area scenarios in Trout Beck) were organized to illustrate the inﬂuence of buffer
strip position and extent. In peatland basins, the stream channel network can be complicated by headwater
gullies with only intermittent ﬂow. The channel network can be deﬁned with different thresholds of accu-
mulative upslope areas, a high threshold giving a downstream network and a low threshold deﬁning an
extended and upslope-connected network. Considering the resolution of the DEM data (20 m3 20 m) used
in the three basins and avoiding riparian buffer strips covering an unrealistically large area of hillslopes,
1.2 km2 (3000 cell), 0.4 km2 (1000 cell), and 0.1 km2 (250 cell) cumulative upslope areas were selected as
thresholds to organize the riparian buffer strip scenarios. Figure 3 indicates the 20% area buffer strip scenar-
ios in Trout Beck as an example.
For hypothesis (2), land-cover change scenarios using grid-aligned land-cover change patches were used.
All patches were selected randomly based on a two-dimensional uniform distribution, subject to not over-
lapping the river channel network. A group of random patch scenarios were formulated with a variety of
patch sizes, including 400 m2 (1 cell), 1600 m2 (4 cells), 6400 m2 (16 cells), 10,000 m2 (25 cells), and
40,000 m2 (100 cells). Figure 4 shows the random patch scenarios with land-cover change in 20% of the
area of the Wye basin as an example.
For hypothesis (3), the cells with the steepest slopes and with the gentlest slopes in the basins were
selected. Figure 5 illustrates the steepest and gentlest slope areas each covering 20% of the East Dart as an
example.
In summary, the land-cover change scenarios were: Group (1): riparian buffer strips (three different widths
were used as outlined below), midslope strips, headwater strips; Group (2): random patches (ﬁve different
sizes from 400 m2 to 40,000 m2); Group (3) an area covering the gentlest 10 or 20% of the catchment, or the
steepest 10 or 20% of the catchment.
2.4. Modeling Runs
For bare peat areas, the overland ﬂow velocity parameter was set to ﬁve times greater than the normal sce-
nario while the Sphagnum areas had an overland ﬂow velocity parameter that was half that of the normal
Figure 3. Scenarios of 20% area buffer strips matching different river channel networks determined by three accumulative upslope area
deﬁnitions for the Trout Beck catchment; (a) 3000 cell cumulative area, (b) 1000 cell cumulative area, and (c) 250 cell cumulative area.
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one. This relationship between the overland ﬂow velocity parameter (an inverse roughness parameter) of
Sphagnum, Eriophorum, and bare peat is based on the empirical ﬁeld values determined by Holden et al.
[2008]. Thus, computationally, each land-cover scenario can be considered as an overland ﬂow parameter
map which indicates the vegetation roughness distribution of each type of vegetation cover.
A 1 h rainfall pulse with a uniform rate of 20 mm h21 was the precipitation input used in scenario modeling
runs. This represents a ﬂood with an approximate 10 year return period estimated from the empirical fre-
quency of summer rainfall events in the study catchments. This simple pattern of precipitation enabled us
to track the possible small differences in modeled response to the chosen scenarios. The design storm was
applied to each catchment for each scenario to generate the corresponding ﬂood hydrograph. The time
Figure 5. Scenarios of (a) 20% steepest slope area and (b) 20% gentlest slope area in the East Dart basin.
Figure 4. Scenarios of random patches covering a total of 20% of the area of the Wye basin; (a) 400 m2 patch scenario, (b) 1600 m2 patch
scenario, (c) 6400 m2 patch scenario, (d) 10,000 m2 patch scenario, and (e) 40,000 m2 patch scenario.
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step for each hydrograph was set at 0.1 h to identify possible minor differences between scenario results.
There was a 10 step (1 h) warming-up stage at the very beginning of the scenario run prior to a 10 step con-
stant rainfall event and another 80 steps following the storm in the entire modeling period of 100 time
steps. Most scenario hydrographs presented within the ﬁgures of this paper show the ﬁrst 60 time steps
with the rising and falling limbs around peak time and ignore the last 40 steps which contain low level
recessional parts of the hydrographs. The basin outlet ﬂow at the start of each run was set so that 90% of
cells were saturated for the Trout Beck basin. The same basin outlet runoff was also used for the other two
basins to derive the moisture deﬁcit of every cell. It is assumed that there was no overland ﬂow on the hill-
slope at the starting time step.
For each basin, the model was calibrated and validated in separate periods with observed rainfall and river
ﬂow data, respectively. These periods included storms of a comparable size to the 20 mm h21 storm used
in our modeling runs presented in this present paper. The process employed the GLUE method [Beven and
Binley, 1992] and examples can be found in Gao et al. [2015]. A particular parameter set with good perform-
ance (i.e., Nash-Sutcliffe efﬁciency >0.8 in model calibration and validation in the basin) was selected for
every basin, representing the ﬁxed basin structure and soil characteristics. This basin parameter set was
then used to run the model for all scenarios, in order to retain consistency in comparing the scenarios. The
parameter sets are: m5 0.0055 m, kv5 30, K5 100 m h21 for Trout Beck; m5 0.0160 m, kv5 80, K5 100 m
h21 for Plynlimon; and m5 0.0100 m, kv5 30, K5 100 m h21 for East Dart (where m is the soil depth scal-
ing parameter, kv is overland ﬂow velocity parameter, and K is conductivity).
3. Results
3.1. Buffer Strip Scenarios
3.1.1. Impact of Hillslope Position of the Strip
The three bare peat strip scenarios of riparian, midslope, and headwater locations (e.g., Figure 2)
increased peak ﬂow and resulted in earlier rising limbs of the ﬂow peaks at the basin outlets, compared
to the normal baseline hydrograph (see supporting information Table S1). Conversely, the Sphagnum
strips reduced and delayed the ﬂow peaks. Taking the 20% area scenarios for Trout Beck as an example,
bare peat increased ﬂow peaks by 9.8%, 9.8%, and 6.7%, respectively, for the riparian buffer strip, the
midhillslope strip, and the headwater strip compared to the normal scenario (Figure 6). The bare riparian
strip resulted in peak ﬂow occurring 2time steps earlier than under baseline conditions. The ﬂow peaks
associated with the 20% Sphagnum cover scenarios had 9.3%, 9.3%, and 6.3% reductions with a 2time
step delay for the riparian buffer strip and 1 time step delay for both the midhillslope strip and the head-
water strip.
Land-cover change in riparian buffer zones had a larger impact on peak river ﬂow than midslope and head-
water strips for both bare peat and Sphagnum cover. The headwater strips had the lowest impact on stream
ﬂow of all the strip scenarios. Therefore, it can be inferred that a land-cover change strip nearer to river
channels has more inﬂuence on river ﬂow peak, which supports hypothesis (1).
Figure 6. Hydrographs for the (left) 20% area bare peat strip scenario and (right) Sphagnum strip scenario for different locations in the Trout Beck catchment.
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3.1.2. Riparian Buffer Strip Scenarios Based on River Channel Networks Defined by Different
Threshold Areas
Riparian bare peat zones increase river ﬂow peaks and decrease the time delay to the ﬂow peaks in compar-
ison with the ‘‘normal’’; while the Sphagnum covered buffer strips (250 cell, 1000 cell, and 3000 cell)
decrease river ﬂow peaks and increase the time delay to peak. Figure 7, for example, shows the 20% area
scenario results for Trout Beck. Bare peat on the riparian strips increases ﬂow peaks by 16.6%, 12.8%, and
9.8% for the 250 cell, 1000 cell and 3000 cell conditions, respectively, and decreases the time delay to peak
by 1 time step (6 min) in each case compared with the normal scenario. In contrast, the Sphagnum buffer
strip scenarios result in peaks that are lower by 13.1%, 11.6%, and 9.3%, respectively, with peak time
delayed by 2 time steps.
Results from all three basins indicate that the 250 cell scenario yields the largest impact on river ﬂow in this
scenario group, although the rising limbs for each scenario were almost overlapping and the ﬂow peaks
appear at the same time for every riparian buffer strip in each scenario set (see supporting information
Table S1). This result is counter to hypothesis (1) and suggests that applying a narrower buffer strip of
changed land cover surrounding both upstream and downstream river channels has a greater effect than
applying the same area of land-cover change over wider buffer strips around just the downstream river
channel network. However, the marginal gain in performance may be offset by the greater logistic effort
required to install longer, thinner buffer strips.
3.2. Random Patch Scenarios
All bare peat patch scenarios produced higher and earlier ﬂow peaks than that of the normal scenario, and
the Sphagnum patches generated lower and delayed peaks compared to the normal condition (supporting
Figure 7. Hydrographs of 20% area riparian bare peat and Sphagnum buffer strips surrounding different river networks for the Trout Beck catchment. The threshold of cumulative
upslope area of each channel network is labeled in brackets. 3000 cells5 1.2 km2, 1000 cells5 0.4 km2, 250 cells5 0.1 km2.
Figure 8. Hydrographs of 20% area bare peat and Sphagnum patch scenarios for the Wye catchment.
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information Table S1). Figure 8 illustrates that, in the Wye basin, the ﬂow peaks from bare peat patch scenarios
were higher than the normal one by 0.6%–1.2% and the peaks of Sphagnum patch scenarios reduced by
0.6%–1.8% for the 20% area scenario set. However, for both the bare peat and the Sphagnum scenarios, there
were no notable differences among the results of different patch-size scenarios in every single scenario set.
These results indicate that different patch sizes do not result in differences in hydrographs, so that patch size
(less than 40,000 m2) does not signiﬁcantly impact outlet peak ﬂow. This is not in line with hypothesis (2).
3.3. Slope-Patch Scenarios
Bare peat gentle slope patches created a higher and earlier peak than the steep slope patches while the
Sphagnum patches on gentle slopes resulted in lower and later peaks than those on steep slopes (support-
ing information Table S1). For example, in the 10% area scenario set for East Dart, the bare peat patches in
the gentlest slope areas created a 10.5% higher ﬂow peak compared to the normal scenario, and the peak
was 1 time step earlier. The relative peak ﬂow change for the steep slope scenarios was 4.4% with no
change in the time of peak ﬂow (Figure 9). Sphagnum cover on the gentlest slope areas reduced the ﬂow
peak by 9.3% while on the steepest slope areas it only decreased the peaks by 1.7% (both with a 1 time
step delay). Hence land-cover change on gentle slope areas had more inﬂuence on river ﬂow than on steep
slope patches. These ﬁndings were also conﬁrmed for the other study catchments (see supporting informa-
tion Table S1) and are inconsistent with hypothesis (3).
Figure 9. Hydrographs of scenarios with 10% area bare peat patches and Sphagnum patches on steep slopes and gentle slopes for the East Dart catchment.
Figure 10. Scenario comparison of the combined impacts on peak ﬂow for the East Dart.
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3.4. Comparison of Scenario Groups
Considering all three scenario groups in the three basins together, land-cover change on riparian buffer
strips (along 250 cell channels) gives the highest impact on river ﬂow for all 10% total-area scenarios and
the impact of land-cover change on gentlest slopes catches up with that of riparian zones in the 20% total-
area scenarios. As an example, Figure 10 illustrates the land-cover change impact (relative to the normal
scenario) on both peak ﬂow volume and peak timing for the East Dart catchment.
4. Discussion
The modeling for the study basins revealed that the three hypotheses introduced at the start of this paper
are not fully supported. The hilltoe strip surrounding the upstream and downstream channel has a larger
inﬂuence on stream ﬂow than for wider buffer strips just bordering the downstream channel, contrary to
hypothesis (1). For hypothesis (2), patch size does not generate a noticeable effect on river ﬂow for either
denser or sparser patches. In contradiction with hypothesis (3), land-cover change on gentle slope areas has
larger impacts on river ﬂow.
4.1. Riparian Buffer Zones
The hilltoe and near-stream zone is likely to be the most sensitive area for land-cover change in blanket
peatland basins when ﬂood peaks are of concern. Note that we do not refer here to out of channel ﬂood-
plain roughness for attenuating downstream ﬂood peaks when the upstream ﬂoodplain is ﬂooded, but
rather to vegetation cover on the peat surface leading up to streams. Most blanket peat streams have very
narrow ﬂoodplains and are often just incised into the surrounding peat, and we are concerned here with
attenuating overland ﬂow delivery across hillslopes to the streams.
Our novel ﬁndings are inconsistent with previous modeling using imaginary geometrically shaped basins
(no particular soil type was modelled) which suggested that the roughness of hilltop areas could be crucial
[e.g., Huang and Lee, 2009; Maske and Jain, 2014]. Instead, our results indicate that the impact of the con-
verging shape of river basins, and the accompanying overland ﬂow concentration, makes riparian zones
and hillslope bottoms more efﬁcient areas for affecting overland ﬂow delivery. However, the ﬁndings of
Huang and Lee [2009] and Maske and Jain [2014] were based on surfaces with slopes less than 3%, and the
mean slopes of the natural basins we studied are all over 9%. Thus, further conﬁrmation may be necessary
of dominant factors in basins with varying ranges of slope. As an example we tested the effect of ﬂattening
the DEM for Trout Beck’s basin. This ﬂattening showed that a lower mean slope for the basin does not
change the conclusions on the impact of land cover change, even though the gentler slope led to later and
lower ﬂow peaks overall compared to those from the real DEM (supporting information Figure S4). It is also
relevant that stream-side buffer strips typically combine low gradients with good connectivity to the
channel.
A thicker riparian buffer strip (e.g., 3000 cell channel buffer strip) includes some outer cells that are well
away from water courses so its overall land-cover change impact on river ﬂow is lower than that of a thin-
ner, but longer, riparian buffer strip (e.g., 250 cell channel buffer strip). Furthermore, the buffer strip associ-
ated with a more branching stream network, in which cells are associated with shallow depths of overland
ﬂow, is more effective in impacting river ﬂow peaks than a buffer strip just focusing on the downstream
area where the overland ﬂow depth might be quite deep after a long process of overland ﬂow concentra-
tion. It is also the case that, as the buffer strip is widened, the distal parts typically have higher gradients
and poorer connectivity to the channel. However, considering the ease of changing land cover across larger
strips rather than having tiny buffer strips along every single tiny ditch or stream throughout a peatland
basin, wider buffer strips along the main channels may still be an economic practice for mitigating ﬂood
risk if the budget of re-vegetation work is limited.
Vegetation deterioration in hilltoe and near-stream areas is most likely to lead to severe impacts on river
discharge so that protection of vegetation cover in these areas should be given priority compared to other
areas in an upland peat basin. Having some vegetation, including sedges and grasses (e.g., the ‘‘normal’’
scenario modeled in this paper), is clearly preferable to bare peat surfaces in these areas. Given that a dense
Sphagnum cover is most effective at reducing ﬂood peaks, then practitioners should be encouraged to pri-
oritize Sphagnum reestablishment on hilltoe and near-stream regions in degraded headwater peatlands.
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For many blanket peat catchments, Sphagnum reestablishment in these near stream locations is feasible
because the deep peat cover often extends very close to the stream margin and the high level of saturation
combined with the low pH of ombrotrophic bog waters delivered from upslope are conducive to
Sphagnum.
4.2. Patch Size
The size of patches of change in vegetation cover does not seem to affect their impact on river discharge as
long as the same proportion of the basin undergoes that vegetation cover change. This is a novel and sur-
prising result. For the small size bare peat patch scenario, widely spread little patches integrate across the
hillslope and impact the original integrity and synchronism of the whole basin, so they may smoothly
change overland ﬂow velocity across the hillslope and impact river ﬂow. In large patch scenarios, even
though a large patch breaks land cover over a bigger area and may increase (in the case of bare peat) or
decrease (for Sphagnum cover) local overland ﬂow velocity sharply, it has an in situ inﬂuence rather than a
basin scale one. The downstream area with normal vegetation below the large patches may reduce the
overall impacts of the upslope vegetation change at the basin outlet. It could be implied that prescribed
vegetation burning or grazing patch sizes might not matter in terms of the ﬂood hydrograph when compar-
ing different spatial scenarios for the same proportion of the basin which has undergone the removal of
vegetation. For prescribed patch vegetation burning, which is common on UK upland peatlands, our results
suggest that the total area of vegetation removal is important for stream ﬂow regardless of the size of con-
stituent patches. Hence, practitioners attempting to deal with a damaged peatland for ﬂood beneﬁts should
focus more on the total revegetation area in the basin, rather than patch size. However, large bare peat
patches may be prioritized if it is more efﬁcient to revegetate those large patches than lots of smaller areas.
However, it should be noted that our study did not evaluate patches larger than 40,000 m2.
4.3. Slope
Practitioners involved in basin-based ﬂood reduction strategies often focus attention on steep slopes
because that is where they observe fast ﬂow. However, we clearly show that gentle slope areas are more
important than steep slope areas when tackling ﬂood problems through land-cover change. A plausible
mechanism could be that overland ﬂow lingers in ﬂat areas for longer than on steep areas so that vegeta-
tion cover on ﬂat areas produces greater differences in the delivery time of overland ﬂow to the areas below
it, and so has more impact on the ﬂood hydrograph. Thus vegetation deterioration on more gentle slopes
will produce a greater impact on ﬂood risk than the same deterioration on steeper slopes. Greater ﬂood
beneﬁts will be derived by revegetating gentle gradient bare peat zones in peatland catchments than reve-
getating steeper slopes.
4.4. Comparison of the Different Basins
The Trout Beck and Wye basins cover similar drainage areas (11.4 km2 and 10.6 km2) but the topography in
the Wye is much steeper (20.0% mean slope) than that of Trout Beck (9.1% mean slope), which means over-
land ﬂow moves much faster and produces a quicker and sharper peak ﬂow at the outlet in the Wye than in
Trout Beck. This may be why the differences between scenario results are narrower for the Wye in line with
the slope-effect ﬁndings discussed above. Land-cover change in steep basins (e.g., the Wye basin) has less
inﬂuence on the storm hydrograph than those same changes in more gentle sloped basins (e.g., Trout Beck
and East Dart). Thus, extending the idea to a regional scale, practitioners looking to invest in peat restora-
tion and who are looking for added downstream ﬂow regime beneﬁts might be able to prioritize invest-
ment between basins based on their slope conﬁguration.
Comparing the scenario results of the Trout Beck basin and the East Dart basin, the same percentage land-
cover change area (e.g., 10% or 20% of the whole basin) in the larger basin produces (relatively) greater
impact on the river ﬂow peak than that same change in the smaller basin. The East Dart basin (21.5 km2)
has almost twice the basin area compared to Trout Beck but the two basins have similar mean slopes. This
suggests that land-cover change for the same proportion of larger basins is more efﬁcient in impacting river
ﬂow than for smaller basins. Thus, a spatial scale issue worth investigating is the question of how land-
cover change impacts on river ﬂow may vary with basin size (e.g., as you move from 101 to 104 km2, keeping
an identical proportion of land-cover change area in different basins). However, the two basins have differ-
ent shapes and topographic features (e.g., the East Dart basin is narrower and longer than the Trout Beck
basin in shape) which may also affect the overland ﬂow concentration on hillslopes. Hence in our study, the
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scaling implications are somewhat ambiguous and there is a need for further research examining a series of
nested basins along a river system.
4.5. Assumptions and Limitations
The model is based on some strictly necessary assumptions: (1) the soil transmissivity proﬁle is logarithmic;
(2) rainfall and runoff are spatially uniform in a cell; and (3) the Darcy-Weisbach equation is used as an
expression of land surface resistance to overland ﬂow.
For (1), blanket peatlands tend to have relatively large hydraulic conductivity values in the upper 3 cm of
the soil proﬁle and litter layer, but then the hydraulic conductivity tends to decline by several orders of
magnitude into the deeper peat [Holden and Burt, 2003b]. So this ﬁrst assumption is approximately met,
although within the deeper peat the hydraulic conductivity can be highly variable even within the same
layer [Beckwith et al., 2003; Cunliffe et al., 2013; Holden and Burt, 2003b]. Nevertheless, the values of hydraulic
conductivity in the deeper peat tend to be very small enabling the peat to retain water and shallow water
tables (few cm from the surface) for most of the time resulting in a dominance of overland ﬂow during
storm events [Holden and Burt, 2003c].
In the case of (2), it is reasonable to assume that across only a 20 m cell that rainfall inputs will be approxi-
mately uniform. Runoff may be more variable across the grid cell related to microtopography and variability
in vertical and horizontal hydraulic conductivity at the peat surface within the cell. However, it is likely that
variability in runoff across hillslopes and catchments will be much greater than the variability within a 20 m
cell so that surface roughness becomes a dominant factor of concern for catchment ﬂow peaks unless the
system was virtually ﬂat. Hence the model may be less reliable for systems that have extremely low slope
gradients.
For (3), even though the model theoretically needs quantitative relationships between vegetation cover
and overland ﬂow velocity for every type of land cover in a basin, the work of Holden et al. [2008] which
gives the relationships for three typical vegetation covers (i.e., Eriophorum, Sphagnum and bare peat) helps
model use in peatland basins. The ﬁeld plots of ﬂow velocity experiments performed by Holden et al. [2008]
were 6 m long, which is a similar spatial scale to the grids (20 m) used in the model of this paper. Gao et al.
[2015] showed how hydrological equations could be downscaled from the catchment scale to the cell scale
in the distributed TOPMODEL. They also showed how the distributed TOPMODEL was subsequently vali-
dated with good outputs at the catchment scale demonstrating its capability at upscaling from cell-based
roughness to catchment-scale outputs. We also tested different storm precipitation levels to check that our
results held for different ﬂow rates and water depths within the Darcy-Weisbach formulation; conﬁrmatory
examples are provided in supporting information Figure S5.
A further aspect is that spatially distributed vegetation may impact interception, evapotranspiration, and
water table, which could be a potential limitation of the model. However, blanket peatlands tend to have
high water contents, and shallow water tables. Even if vegetation change did drive changes in evapotrans-
piration and moisture content, only small amounts of rainfall are often required to raise water tables to the
surface even after dry periods, because the speciﬁc yield means that 1 mm of rain can increase water tables
by perhaps 20–30 mm [Holden and Burt, 2003c]. Water tables rarely drop below 30 cm in most relatively
intact blanket peatlands after a long, dry spell, or about 50 cm even in very degraded systems except within
a few centimeters of gully edges [Evans et al., 1999; Holden et al., 2011]. [Holden et al., 2015] showed that
even when blanket peat water tables had been signiﬁcantly lowered by peatland management involving
prescribed patch burning at the peat surface, that when it came to storm events the ﬂow peaks were still
signiﬁcantly greater for burned catchments than for unburnt ones. Thus there was evidence that surface
roughness properties were more important to storm ﬂow in blanket peatlands than management effects on
water tables. However, this does not mean that vegetation management might not have signiﬁcant impacts
on peat properties (e.g., consolidation, wastage) which in turn might inﬂuence stormﬂow and so further
work is required to understand these hydrological feedbacks and incorporate them into distributed models.
4.6. Uncertainty
Uncertainty exists in hydrological modeling and modeling uncertainty may impact the conclusions we
make based on the scenario tests we performed. Therefore, an uncertainty analysis was undertaken for sam-
ples of scenario conditions. The method of GLUE [Beven and Binley, 1992] was employed to test uncertainty
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for our scenario simulations. Three representative scenarios for each basin were chosen for the uncertainty
analysis and representative parameter spaces were chosen for the three basins (see supporting information
Table S2). Fifty parameter sets were randomly selected for each basin in its parameter space and used to
run the model in the calibration period 50 times. The top ﬁve parameter sets with the highest Nash-Sutcliffe
efﬁciencies (all >0.82) were obtained for each basin. These were then used in the land-cover scenario runs
(supporting information Table S3). The results (supporting information Figure S1–S3) were entirely consist-
ent with the results shown in section 3.4 above and thus suggest our land-cover conclusions are robust.
4.7. Benefits and Future Work
Our research has provided a novel application of the modiﬁed spatially distributed TOPMODEL developed
by Gao et al. [2015]. We have provided new insights into river basin processes through the testing of three
hypotheses. These insights will be useful to land managers who wish to undertake landscape-based
approaches to ﬂood management. In addition, the model itself can be utilized for other catchments of con-
cern if planners need quantiﬁcation of the expected impact of surface-cover management interventions.
While the research presented in this paper focussed on a few general land-cover change types and patterns,
any speciﬁc spatial pattern of land-cover change can be modeled and assessed as long as the land-cover
data and the relationship between the surface roughness and land-cover type are provided in the basin of
concern. However, further work on relationships between overland ﬂow velocities and land cover would be
needed for broader application of this modeling method. The roughness for each type of vegetation cover
controls the overland ﬂow velocity parameter in the model which is the critical factor representing the
impact of each vegetation cover type on overland ﬂow movement in the distributed TOPMODEL. The
roughness of each land-cover type in this paper is deﬁned as relative roughness to an Eriophorum rough-
ness in the model. This relationship between the roughness parameters of Sphagnum, Eriophorum, and bare
peat is based on the research of Holden et al. [2008], in which an empirical overland ﬂow velocity forecast-
ing model was built through ﬁeld data from peatlands. However, data for a greater variety of land-cover
types would be welcome including those on mineral soil systems. Laboratory experiments and in situ sur-
veys with new approaches may be necessary as such ﬁeld data collection can be laborious.
The distributed TOPMODEL is able to simulate overland ﬂow movement and give predictions of overland
ﬂow velocity at different scales between cells, hillslopes, and basin outlets. However, our ﬁndings would be
further conﬁrmed by additional observational ﬂow data at different scales within blanket peatland river
basins to check ﬂow rates under different rainfall and surface cover conditions. Such additional observatio-
nal work should also feed into improving the model and support the use of the model for more detailed
catchment studies in the future.
5. Conclusions
This paper provided a novel modeling study of land-cover change impacts on ﬂood peaks in three upland
peat basins. The results show clearly, for the ﬁrst time, how spatial changes in land-cover on headwater
peatlands can affect downstream ﬂood peaks. Three speciﬁc hypotheses, based on the wider literature on
river basins, concerning the impact of land-cover change on river ﬂow were tested. Using the distributed
TOPMODEL, we showed that several elements of these hypotheses did not hold. Instead we have derived
three new principles which hold true in all three peat basins tested. The three principles of land-cover
change impact on ﬂood peaks are:
Principle (1): A wider bare soil strip nearer to the river channel gives a higher ﬂow peak and reduces the
delay to the peak; conversely, a wider strip with higher density vegetation (e.g., Sphagnum) leads to a lower
ﬂow peak and postpones the peak. In both cases, a narrower buffer strip on the hillslopes surrounding
upstream and downstream channels has a greater effect than a thicker buffer strip just based around the
downstream river network.
Principle (2): When the area of change is the same across the basin, the size of the patches which undergo
land-cover change has no effect on peak river ﬂow (at least for patch sizes up to 40,000 m2).
Principle (3): Bare ground on gentle slopes results in a faster ﬂow response and higher ﬂow peak at the
basin outlet, while high density vegetation or revegetation on a gentle slope area has a larger positive
impact on peak river ﬂow delay when compared with the same practices on steeper slopes.
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These principles and use of the distributed TOPMODEL should both be useful in the future for decision-
making among practitioners and ﬂood policy groups. Further developments to the model to incorporate
feedback effects between management practice, soil properties and vegetation cover, and ﬂow rate obser-
vations at different plot, hillslope, and catchment scales within river basins may also enhance the utility of
the model for use in headwater peatlands and for a wide range of other environments.
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